We investigate the Spitzer/IRAC properties of 36 z ∼ 7 z 850 −dropout galaxies and 3 z ∼ 8 Y 098 galaxies derived from deep/wide-area WFC3/IR data of the Early Release Science, the ultradeep HUDF09, and wide-area NICMOS data. We fit stellar population synthesis models to the SEDs to derive mean redshifts, stellar masses, and ages. The z ∼ 7 galaxies are best characterized by substantial ages (> 100 Myr) and M/L V ≈ 0.2. The main trend with decreasing luminosity is that of bluing of the far−U V slope from β ∼ −2.0 to β ∼ −3.0. This can be explained by decreasing metallicity, except for the lowest luminosity galaxies (0.1 L * z=3 ), where low metallicity and smooth SFHs fail to match the blue far−U V and moderately red H − [3.6] color. Such colors may require episodic SFHs with short periods of activity and quiescence ("on-off" cycles) and/or a contribution from emission lines. The stellar mass of our sample of z ∼ 7 star forming galaxies correlates with SFR according to log M * = 8.70(±0.09) + 1.06(±0.10) log SF R, implying star formation may have commenced at z > 10. No galaxies are found with SFRs much higher or lower than the past averaged SFR suggesting that the typical star formation timescales are probably a substantial fraction of the Hubble time. We report the first IRAC detection of Y 098 −dropout galaxies at z ∼ 8. The average rest-frame U − V ≈ 0.3 (AB) of the 3 galaxies are similar to faint z ∼ 7 galaxies, implying similar M/L. The stellar mass density to M UV,AB < −18 is ρ * (z = 8) = 1.8 +0.7 −1.0 × 10 6 M ⊙ Mpc −3 , following log ρ * (z) = 10.6(±0.6) − 4.4(±0.7) log(1 + z) [M ⊙ Mpc −3 ] over 3 < z < 8.
INTRODUCTION
Until recently, only a modest number of relatively bright z 7 galaxies were known, mostly from widearea NICMOS (Bouwens et al. 2008; Oesch et al. 2009a , R. J. Bouwens et al. in preparation) and groundbased searches (Ouchi et al. 2009; Castellano et al. 2009; Hickey et al. 2009 ). The arrival of WFC3/IR aboard HST has dramatically improved the situation by identifying large numbers of z 7 galaxies by their redshifted U V light. Here we report on z 7 galaxies selected from the WFC3/IR Early Release Science (ERS) observations over the GOODS-South field (Wilkins et al. 2009 , R. J. Bouwens et al. in preparation) , complemented with candidates from the recent ultradeep survey with WFC3/IR over the HUDF09 field (Oesch et al. 2010; Bouwens et al. 2010a ; see also McLure et al. 2009; Bunker et al. 2009; Yan et al. 2009) .
Little is known about the stellar masses, metal production, and the contribution of star formation to reionization in these galaxies. Mid-infrared observations with the InfraRed Array Camera (IRAC; Fazio et al. 2004) on Spitzer can been used to constrain the stellar masses and ages, which has lead to the surprising discovery of quite massive ∼ 10 10 M ⊙ galaxies at z 6 (Eyles et al. 2005; Yan et al. 2006; Stark et al. 2009 ) and appreciable ages (200−300Myr) and M/Ls as early as z ∼ 7 (Egami et al. 2005; Labbé et al. 2006; Gonzalez et al. 2009 ). The overall results suggest the galaxies formed substantial amounts of stars at even earlier times, well into the epoch of reionization (Stark et al. 2007; Yan et al. 2006; Labbé et al. 2010) .
In this Letter, we study the stellar populations of the largest sample of z 7 galaxies with IRAC measurements to date, focusing on correlations with luminosity and stellar mass, and implications for the mass density and z ∼ 8. We adopt an Ω M = 0.3, Ω Λ = 0.7 cosmology with H 0 = 70 km s −1 Mpc −1 . Magnitudes are in the AB photometric system (Oke & Gunn 1983) .
OBSERVATIONS AND STELLAR POPULATION

MODELING
Our sample consists of sources derived from the ultradeep WFC3/IR HUDF, the deep WFC3/IR ERS, and wide-area NICMOS over the CDF-S and CDF-N. Candidates were selected using the z ∼ 7 z 850 −dropouts and z ∼ 8 Y 098 −dropouts, as used in Oesch et al. (2010) , Bouwens et al. (2010b) , and Gonzalez et al. (2009) (see also R. J. Bouwens et al. in preparation) . We now briefly discuss the IRAC photometry from the new ERS sample.
The Spitzer/IRAC data over the WFC3/ERS area in the CDF-S (≈ 23.3 hours integration time) was obtained from the Great Observatories Origins Deep Survey (GOODS; M. Dickinson et al. in preparation) .
11 . The IRAC depths in the 3.6 and 4.5−bands are 27.1 and 26.5 magnitude (1σ, total, point source), respectively. Obtaining reliable IRAC fluxes of the candidates is challenging because of the contamination from the extended PSF wings of nearby foreground sources. We remove contaminating flux, by modeling the candidates and nearby sources using their isolated flux profiles and positions in the deep WFC3/IR maps as templates. We convolve the templates to match the IRAC PSF, simultaneously fit them to the IRAC map leaving only the fluxes as free parameters, and subtract the best-fit models to the foreground sources (see Labbé et al. 2006; Wuyts et al. 2007; Gonzalez et al. 2009; de Santis et al. 2007 ). After cleaning the IRAC images, we perform conventional aperture photometry in the 3.6 and 4.5 bands in 2.
′′ 5 diameter apertures on 15 of the original 18 z 850 −dropout galaxies over the WFC3/IR ERS. Three were too close to bright sources for reliable measurement. Fluxes were corrected by a factor ×1.8 to account for light outside the aperture (consistent with point source profiles). Six of the 15 galaxies are undetected in IRAC ([3.6] < 26.5,2σ). Errors include the uncertainty in the best-fit confusion correction, added in quadrature.
We complete the sample with 21 z ∼ 7 galaxies with IRAC measurements from the HUDF (Oesch et al. 2010; Labbé et al. 2010) and from the recent wide-area NIC-MOS search (Gonzalez et al. 2009, R. J. Bouwens, in preparation) . The total sample consists of 36 z ∼ 7 galaxies spanning 4 magnitudes in H 160 . To investigate trends with magnitude, we stacked the flux densities of the galaxies in three ∼ 1−magnitude bins centered on H 160 ≈ 26, 27 and 28, containing 11, 15, and 10 galaxies respectively. The uncertainties are determined by bootstrapping. Stacking increases the SNR, in particular for faint galaxies, where the uncertainty in the mass is driven by the SNR in IRAC (see ?).
We derive stellar masses and redshifts by fitting stellar populations synthesis models to the average SED fluxes using the χ 2 −fitting code FAST ). We adopt Bruzual & Charlot (2003, BC03 ) models with a Salpeter (1955) initial mass function (IMF) between 0.1 − 100 M ⊙ . We explore several SFHs and the effects of metallicity and dust. The differences with more recent models (e.g., Maraston 2005, Charlot & Bruzual, in preparation) are small and will not be considered in detail (see Labbé et al. 2010) . We fit models smoothed to a resolution of 100Å rest-frame, corresponding to the approximate width of the dropout selection windows. Adopting a Kroupa (2001) Figure 1 (left panel) shows the broadband SEDs of the z ∼ 7 z 850 −dropout galaxies in the three magnitude bins, with the best-fit BC03 stellar population models. The overall SED shapes are remarkably similar, with a pronounced jump between H 160 and [3.6] (or rest-frame (U − V ) ≈ 0.5) indicative of a modest Balmer break and evolved stellar populations (> 100Myr). Focusing on the far−U V continuum, we find the slope f λ ∝ λ β (traced by the J 125 − H 160 color) to be very blue, and decreasing from β ∼ −2 at H 160 ∼ 26 to β ∼ −3.0 at H 160 ∼ 28. As discussed by Bouwens et al. (2010b) , such extremely blue slopes require low dust content A V < 0.1, very low metallicities and/or very young ages. Small 0.04 mag changes in the WFC3/IR zeropoints (e.g., McLure et al. (2009)) would cause changes of β ≈ 0.17, comparable to the random uncertainties. The red H 160 − [3.6] color, however, implies more evolved stellar populations (> 100Myr), leaving the models seemingly unable to match the entire SED.
To explore the mismatch further we consider in more detail the effects on metallicity, SFH, and nebular emission. Fig. 1 (right panel) shows the J 125 − H 160 versus H 160 − [3.6] colors of the observed stacked SEDs. The lines show predictions of 0.2 Z ⊙ BC03 models for various continuous SFHs (rising, constant, declining). Generally, evolved models are able to reproduce the joint J 125 − H 160 versus H 160 − [3.6] colors of the more luminous z = 7 galaxies, but not the colors of the faintest, bluest galaxies. The arrows show the effect of changes in model assumptions, which we will discuss now: 1) Metallicities: Low metallicities (e.g., 0.2 Z ⊙ ) do a decent job of producing much bluer β than Solar at a given H 160 − [3.6] color. Very low metallicities (1/50 Solar) produce even bluer β's, but also bluen H 160 − 3.6. Metallicity alone appears not enough to fully resolve the discrepancy.
2) Nebular Emission: Nebular emission lines (NEL) likely contribute to the IRAC fluxes, reddening the H 160 − [3.6] color. Empirical estimates of [OIII]5007 emission at z > 2 are scarce, but we can infer the possible effect from the observed strength of Hα at z ∼ 2.2 (Erb et al. 2006) . Assuming W Hα = 200Å and W [OIII] 4959,5007+Hβ = 2.5×W Hα , appropriate for 0.2 Z ⊙ galaxies at z > 2 (Erb et al. 2006; Brinchmann et al. 2008) , and adopting a redshift distribution of z = 6.9 ± 0.5 (Oesch et al. 2010) we calculate a contribution of 0.18 mag to [3.6] and 0.14 mag at [4.5] (see Fig 1) . Note however, that no measurements of nebular lines at z ∼ 7 exist. A second possible effect is nebular continuum emission (NEC), which would cause a reddening of both β and H 160 − [3.6] (shown are the models of Schaerer 2002 with Z = 1/50 Z ⊙ , t = 300 Myr CSF, and 0% escape fraction). Both would reduce the discrepancy between Upper limits are 2σ. The gray histogram shows the H 160 -band magnitude distribution (the peak is 9 sources). The best-fit BC03 stellar population models at z = 6.9 are shown. The overall SED shapes are similar with a break between H 160 and [3.6], expected for evolved stellar populations (> 100Myr). The far−U V slope (traced by J 125 − H 160 ) bluens towards fainter H 160 magnitude (as found Bouwens et al. 2010b ). (right panel) Comparison of the observed average J 125 − H 160 versus H 160 − [3.6] color (filled circles) with predictions of 0.2 Z ⊙ BC03 models for various SFHs (solid lines). Ellipsoids show 1σ uncertainties. The SFHs are linearly increasing with time (blue), CSF (purple), episodic (light green) with a 50% dutycyle and 40Myr duration, and exponentially declining (red) with τ = 100Myr. Also shown are the effects on the model colors of metallicity, reddening (Calzetti et al. 2000) , nebular continuum emission (NEC) (Schaerer 2002) , and line emission (NEL) (Erb et al. 2006; Brinchmann et al. 2008 ). The episodic model is shown twice, once only with the effect of line emission (+ NEL) and once with both line and nebular continuum emission (+ NELC). The lines terminate at the 750Myr. models and data by allowing the models to extend to redder H 160 − [3.6] at a given β. Note that the extremely blue β may require high escape fractions f esc 0.3 (e.g., Bouwens et al. 2010b) , which would reduce the contribution of nebular emission.
3) Star Formation Histories: Declining SFHs can match the colors of the most luminous, redder galaxies, but their far−U V continua are too red for lower luminosity galaxies. In contrast, strongly rising SFRs (SFR∝ t α , α > 1) exhibit blue β but never reach red H 160 − [3.6] in a Hubble time (z = 7) and are formally excluded at 95% confidence. CSF is an compromise, providing red H 160 − [3.6] colors generated by on-going assembly of stellar mass, and blue far−U V continua from on-going star formation. Finally, episodic SFH with a 50% duty cyle and 40 Myr duration (i.e., 20 Myr "on", 20 Myr "off") are found to have an interesting mix of properties. The luminous active phase of the cycle produces a bluer far−U V continuum for a given H 160 − [3.6] color than CSF. The reverse is true in the dimmer passive state. The net result for a steep U V LF function is that the luminosity weighted average of cycling galaxies displays bluer far−U V at a given H 160 − 3.6 than CSF, also reducing the discrepancy.
In summary, the model colors match the observations of luminous z ∼ 7 galaxies reasonably except for the lowest luminosity galaxies, where the blue β ∼ −3 and the red H 160 − [3.6] ∼ 0.6 colors remain challenging to fit. Low metallicity CSF models come close, but a contribution from nebular line emission to the [3.6]−band and/or episodic SFHs are likely needed to resolve the mismatch.
STAR FORMATION RATE VERSUS STELLAR MASS AT
Independent constraints on the SFHs can be obtained from the relation between SFR and stellar mass, as shown in Fig. 2 . The SFRs are calculated from the monochromatic 1500Å luminosity following the prescription of Madau et al. (1998) and corrected for dust using the best-fit A V . The galaxies are grouped in bins of SFR (or M 1500 ) centered on log SF R ≈ 0.4, 0.8, 1.2.
The stellar mass of our z ∼ 7 sample correlates strongly with the SFR, producing log M * = 8.70(±0.09) + 1.06(±0.10) log SF R and corresponding to a constant M/L V ≈ 0.20.
12 The derived stellar mass with emission lines (see §3) would be lower by ≈ 0.17dex. The scatter around the relation is fairly low ≈ 0.3 dex, but that does not exclude significant short-term SFR variation, e.g., the episodic model ( §3) predicts log M * = 8.45 + 1.0 log SF R 1500 and a scatter of ∼ 0.3 dex. We find no galaxies with SFRs much lower or higher than the past averaged SFR (i.e., strongly bursting or suppressed. Such galaxies would have satisfied our dropout criteria and would lie in the upper left or lower right corner in Fig. 2 . Their absence suggests that that the typical star formation timescales are probably a substantial fraction of the Hubble time. Instead we find that only 4/22 sources with log SF R > 0.7 are undetected at [3.6] and no galaxies in the sample have SFRs substantially less than M * /t Hubble . To illustrate the diagnostic power of the M * − SF R 12 The M/L also be calculated from the individual galaxies, yielding the same answer (Gonzalez et al. 2009 ). The average broadband SED of the 3 z ∼ 8 galaxies and the best-fit stellar population model (solid blue line). For comparison, we show the best-fit model to z = 6.9 z 850 dropouts of similar H 160 magnitude (dashed green line), shifted by −0.5 mag. The overall shapes are similar, with the z ∼ 8 galaxies being slightly bluer in H 160 − [3.6] compared to z ∼ 7 galaxies. Upper limits are 2σ.
diagram, we show in the inset in Fig. 2 a simulation of galaxies with random formation times and exponentially declining SFRs (τ = 200 Myr) to the same selection limits as our observed sample. The distribution is clearly different, with no correlation between M * and SFR, suggesting that star formation timescales for z ∼ 7 galaxies are probably longer than that.
THE STELLAR MASS DENSITY AT Z ∼ 8
The detection of z ∼ 8 galaxies with IRAC is enticing as it enables us to place stronger constraints on the stellar masses of the highest redshift galaxies than possible from the far−U V alone. Recent studies in the HUDF have found no detection (individual or stacked) for z ∼ 8 galaxy candidates (Labbé et al. 2010) , leaving estimates of the stellar mass density at these redshifts highly uncertain.
Here we perform photometry on the 3 z ∼ 8 Y 098 −dropout galaxies in the WFC3/ERS sample of R. J. Bouwens et al. (in preparation) . These candidates are -The evolution of the integrated stellar mass density. The red circle shows the z ≈ 7.7 mass density, derived from the integrated U V −luminosity density of (Bouwens et al., in preparation) and the mean M/L derived here. All data are converted to a common limit M U V,AB < −18, using the U V LFs of Bouwens et al. (2010a) . The WFC3/ERS data are corrected by +0.42 dex. The z = 3 − 7 luminous samples (M U V,AB < −20) from the literature blue circles, Gonzalez et al. (2009 , magenta circle) are corrected by +0.38, +0.46, +0.57, and +0.75 dex at z=4, 5, 6, and 7, respectively. The HUDF requires no correction (Labbé et al. 2010 , green circle). The red square shows the z ≈ 8.2 sample of (Bouwens et al. 2010a ), but using the M/L derived here for the z ≈ 7.7 sources. The dashed line shows a ∝ (1 + z) −4.4 evolution. The floating error bar indicates the expected cosmic variance for the z ∼ 8 sample.
brighter than found in the HUDF (H ≈ 27 versus H ≈ 28). Two galaxies are detected at [3.6] 13 and we calculate an average SN R = 3.7 in [3.6] and SN R = 1.6 in [4.5] for the stack of all three (see Fig 3, top panels) . The best fits are z = 7.7 +0.18 −0.15 , high stellar age age w = 300 +50 −210 Myr 14 , mass-to-light ratios M/L V = 0.15 and M/L 1500 = 0.1, and log SSF R = −8.7. Overall these properties are comparable to H ≈ 27 z ∼ 7 z 850 −dropouts, suggesting modest evolution in the M/L between z = 8 and z = 7.
Following the approach of Gonzalez et al. (2009) and Labbé et al. (2010) , we derive integrated stellar mass densities at z ∼ 8 by multiplying the U V −luminosity densities integrated to M UV,AB = −18 (Bouwens et al. 2010a , R .J . Bouwens et al. in preparation) by the mean M/L derived for the z ∼ 7.7 galaxies, yielding ρ * (z = 8) = 1.8
We also recompute the z ∼ 8 stellar mass density of Labbé et al. (2010) using the same M/L. Figure 4 shows the evolution of the stellar mass density from z = 3 to z = 8. The evolution over 3 < z < 8 is well approximated by log ρ * (z) = 10.6(±0.6)−4.4(±0.7) log(1+z) [M ⊙ Mpc −3 ] over 3 < z < 8. 13 We caution that source ERSy-2376440061 at [3.6] is close to pixels that are affected by "Muxbleed", which we subtracted using a 3rd order polynomial fit to the 20 ′′ × 20 ′′ background before performing photometry.
14 Following Labbé et al. (2006) we report SFH weighted agew, where agew = t/2 for CSF and t is the time elapsed since the start of star formation.
SUMMARY
Using a large sample of 36 z 850 −dropout galaxies based on deep/wide-area WFC3/IR data from the Early Release Science, ultradeep data from the HUDF09, and wide-area NICMOS programs, we investigate the stellar population properties at extreme redshifts z 7. The main results are:
• The average rest-frame far−U V slope at z ∼ 7 becomes bluer with decreasing luminosity, from
, as reported by Bouwens et al. (2010b) . The rest-frame U − V becomes bluer as well, but is still moderately red U − V ≈ 0.3 at 0.1 L * z=3 , apparently excluding extremely young ages < 100Myr. If the ages inferred from the simple model fits are correct, galaxies started forming stars very early-on, perhaps as high as z > 10. The blue far−U V slope and red U − V colors remain a challenge to fit, however, even for sub-solar metallicity models. Episodic SFHs with periods of activity and quiescence and/or a (∼ 0.2 mag) contribution of emission lines to the [3.6]−band may be required to resolve the mismatch.
• The derived stellar masses correlate with the SFRs at z ∼ 7 according to log M * = 8.70(±0.09) + 1.06(±0.10) log SF R, with relatively low scatter ∼ 0.25 dex. Emission line contributions of ≈ 0.2 mag to both [3.6] and [4.5] would shift the relation by ≈ −0.2 dex in mass. The absence of galaxies with SFRs much lower or higher than the past averaged SFR (i.e., strongly bursting or suppressed) suggests that that the typical star formation timescales are probably a substantial fraction of the Hubble time. Note that instantaneously quenched galaxies may fade too quickly to be selected as dropout galaxies.
• The first Spitzer/IRAC detection of z = 8 galaxies and their red average H 160 − [3.6] ≈ 0.55 suggest that luminous early galaxies may have substantial M/L V ≈ 0.15, similar to z = 7 galaxies. The derived stellar mass density then increases gradually with time following log ρ * (z) = 10.6(±0.6) − 4.4(±0.7) log(1
Deeper IRAC data on z > 7 galaxies are needed to bolster these results. More nebular emission line measurements of z > 2 galaxies would help to understand the possible contribution to the broadband fluxes. Additional modeling of the distribution of SFR versus M * is needed to decipher the SFHs of z ∼ 7 galaxies. Larger samples would enable a more secure assessment of the mass density evolution beyond z = 8.
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-The optical-to-near-IR fluxes are measured in 0. ′′ 4 diameter apertures. Spitzer/IRAC fluxes are measured on the confusioncorrected maps in 2.
′′ 5 diameter apertures. Fluxes are corrected to total assuming point source profiles. Units are nanoJy for the SEDs and AB magnitudes for the average colors. The total sample consists of 15 new sources from the WFC3/ERS sample (Bouwens et al., in preparation) , 9 sources from the NICMOS sample (UDF-1417,964,GNS-1,2,3,4,5,CDFS-4627,HDFN-1216; Gonzalez et al. 2010) , and 12 from the WFC3/UDF sample (UDFz-4471,4257,3955, 3958,3722,4314,3677,3744,4056,3638,3973,3853; Oesch et al. 2010 , Labbé et al. 2010 . The stacked Y −band of the z ∼ 7 galaxies is a combination of the Y105 and Y098 bands. SFR1500 is the SFR derived from the 1500Å monochromatic luminosity using the prescription of Madau et al. (1998) and corrected for dust using the best-fit AV (mean < AV >= 0.13 mag). The stellar masses are based on BC03 0.2Z⊙ models using exponentially declining SFHs with 8 < log τ < 11 and reddening AV < 0.3. Uncertainties are determined by bootstrapping.
